Radiation therapy to treat cancer has evolved significantly since the discovery of x-rays. Yet, radiation therapy still has room for improvement in reducing side effects and improving control of cancer. Safer and more effective delivery of radiation has led us to novel techniques and use of biomaterials. Biomaterials in combination with radiation and chemotherapy have started to appear in pre-clinical explorations and clinical applications, with many more on the horizon. Biomaterials have revolutionized the field of diagnostic imaging, and now are being cultivated into the field of theranostics, combination therapy, and tissue protection. This review summarizes recent development of biomaterials in radiation therapy in several application areas.
Introduction
Radiation therapy (RT), one of the main cancer treatment modalities, has evolved significantly since it was initially discovered through refinement in radiation localization and image-guided technologies [1] . Despite modern improvements in RT, there are still significant limitations to its use. Radiation utilizes ionizing energy delivered through external machines or internal radioisotopes to disrupt double-stranded DNA, inducing apoptosis [2] . This is not without complications as the damage to DNA is non-discriminatory to healthy and malignant tissue alike. Acute and chronic toxicities have been well documented in many systems (head and neck, anal, base of skull tumors, etc.) [3] , which has led to limitation in radiation dosage and thus its therapeutic effects. Radiation resistance can also develop in some tumors, aiding to incomplete response or recurrence [4] . Thus, new breakthroughs are critical to improve efficacy and safety of radiation therapy. One potential area of development is using biomaterials in RT to combine the effects of RT with other treatment modalities and to improve efficacy of RT itself.
Biomaterials include natural or synthetic materials traditionally used in medical devices, but use of biomaterials has recently expanded to more diverse medical applications [5, 6] . Biomaterials have been widely used for targeted delivery of therapeutics and local sustained delivery in preclinical and clinical research due to their unique chemical, physical and biological properties [7] . Biomaterials have been a focus of contemporary research and clinical applications for various medical purposes, such as angiogenesis [8] , tissue regeneration [9] and drug delivery [10, 11] . Cancer diagnosis and therapy have also benefitted immensely from the use of biomaterials leading to a better understanding of cancer biology [6] , enhanced imaging techniques [12] , and catapulted delivery of therapeutics such as chemotherapy [13] and immunotherapy [6] . As drug delivery vehicles, nano-scale biomaterials have the advantage of prolonged blood circulation time, enabling them to target tumor vasculature more effectively due to the enhanced https://doi.org/10.1016/j.bioactmat.2020.01.011permeability and retention (EPR) effect in solid tumors where vasculature exhibits different flow dyanmics and architecture compared to normal vasculature [14] .
As such, nanomaterials can be utilized in RT for the delivery of radioisotope, radiosensitizer, chemoradiotherapy, and imaging agents. In addition to systemic delivery with nanomaterials, polymer hydrogels and other in situ scaffolds can support sustained local delivery of therapeutics, increasing local drug concentration while reducing systemic side effects [15, 16] .
Currently in clinical radiation oncology, biomaterials are mostly limited in use as removable radioactive implants for image-guided radiation therapy, markers and spacers in brachytherapy. The purpose of this review is to examine various biomaterials that have been developed and tested in clinical and preclinical stages and discuss future directions currently being investigated. We focus on several main applications of biomaterials in 1) aiding delivery of radioisotopes, 2) enhancing imaging techniques for accurate tumor localization, 3) used in combination chemo-radiotherapeutics, and 4) potential use as protective and healing agents.
Targeted radiation therapy through systemic delivery

Alpha particles
Instead of traditional radio waves used for RT, recent development of alpha particles in targeted delivery have resulted in several clinical studies in leukemia, prostate cancer [17] , and more recently advanced solid tumors [18] . Alpha emitter elements such as 223 radium offer the potential of targeted therapy when conjugated with suitable antibodies or small molecules that target cancer tissues/cells. Broadly speaking, ionizing radiation can be classified as alpha, beta, or gamma rays. Gamma rays are massless, made entirely of photons, and can travel through most materials. Beta rays are made mostly of electrons, but affect tissue in a similar manner, albeit a little less penetrative. Alpha particles comparatively, are made of neutrons and protons, which make it difficult for them to penetrate tissue. Alpha particles are the least ionizing in terms of radiation in an environmental sense. However, they can have higher potency and specificity locally, which is ideal for targeted therapy. Their poor penetration limits their range of treatment, approximately 50-90 μM, reducing the unwanted detrimental effects to healthy tissue. In addition, their linear transfer of energy is much higher (> 20 times) than beta or gamma rays [19] . These combined properties preclude their use in EBRT (external beam radiation therapy), but make it an ideal choice for local radiotherapy. The two main disadvantages of alpha particles are their delivery and limited availability [20] . Even with the limited range of alpha particles, excessive radiation exposure has the potential for severe unwanted effects. As such, the International Commission on Radiological Protection (ICRP) has developed guidelines for the protection from radiation exposure which focus mainly on developing radiation monitoring, health surveillance and managing contaminated commodities [21] . One way to circumvent this delivery limitation is through use of antibodies that are specific to a cancer. Antibodies, that have been approved for use in immunotherapy, can be tagged with alpha particles in what is sometimes referred to as immunoradiotherapy [22] . This in particular has applications in hematological malignancies such as Non-Hodgkin's Lymphoma, which has a number of known monoclonal antibodies that can be used to target it [23] [24] [25] [26] [27] [28] . However, solid organ tumors are more difficult to target, as they do not have as well-developed target receptors and related antibodies. Future research is still needed in order to overcome this particular hurdle.
Peptide receptor therapy
Peptide receptor radionuclide therapy, such as somatostatin, is another emerging field with potential utility in imaging and therapeutics [29] . This peptide hormone has been used for the treatment of neuroendocrine tumors [30] . Specifically, peptide receptor radionuclide therapy is comprised of a peptide that targets the tumor, a pharmacokinetic modifier, bifunctional chelating agent that binds both moieties, and a radionuclide. Some of the main limitations are related to the short half-life of the peptides and sequestration in organs rich in macrophages, such as the liver, spleen, and kidneys [29] . There are some potential solutions, which will be expanded below. Additionally, other studies have looked into treatment with radioisotopes tagged to ibritumomab tiuxetan, a monoclonal antibody, in refractory follicular lymphoma to standard of care [31] [32] [33] [34] [35] . Wiseman et al. showed in a phase I/II trial safe and potential use for such therapies in patients with lymphomas unresponsive [36] . These promising results warrant future studies in the field.
Nanoparticles
Attempts have been made in using biomaterials with tumor-seeking properties to deliver radioisotopes to tumor cells. Due to their unique pharmacological properties, liposomes and polymers have been investigated for potential use in targeted delivery of radioisotopes and radiosensitizers in radioisotope therapy. Nanoparticles have also been studied in that regard [37] . In vitro testing has shown some promise with liposomal 124 -Iodine radiotherapy injected intravenously. In these studies, liposomal preparations not only had longer blood circulation time, but also had less sequestration in the spleen, kidneys and liver [38] . Other nanoparticles have been implemented in specific protein deliveries tagged with specific tumor inhibitors, such as raltitrexed, to attack specific targeted tumor cells. They demonstrated increased uptake using molecules such as hyaluronic acid on the peptide. This type of specific drug delivery has been shown to stunt tumor growth [39] . Nanoparticles can also be combined with lipid molecules to increase the penetration into the blood-brain barrier. This might prove beneficial in targeting cells in difficult drug delivery locations, such as brain metastasis [40] . Additionally, the biodistribution of nanoparticles and its subsequent biodegradability are important parameters to evaluate practicality of nanoparticle delivery. For high Z-number metal and chelate nanoparticles, the percentage of possible sequestration in the liver and kidneys (which can be irradiated with up to 30-35 Gy) and kidneys (15-17 Gy) must be taken into consideration. Heavy metal related acute side effects are partly due to mimicking of other metal ions that are essential for homeostasis [41] . And as they are elements, they cannot be broken down and excreted through physiological means. So, they are frequently engulfed by macrophages and sequestered in various organs such as the liver, causing progressive accumulation and organ failure [42] .
Reactive oxygen species
Reactive oxygen species (ROS) are a potent cytotoxic component for eliminating tumor cells, but hypoxic tumor conditions sometimes pose difficulties to generating ROS. Prasad et al., however, were able to replenish oxygen into the tumor environment by using MnO 2 -bound albumin nanoparticles (A-MnO 2 ) [43] . When the MnO 2 reacts with ROS such as H 2 O 2 , it produces O 2 and can increase vascular saturated O 2 levels by 45%. The difficulty here is that ultraviolet or visible lightbased photosensitizers, that are needed to activate ROS, may not penetrate deeply enough into the desired tissues. Photodynamic therapy has been used for specific conditions that can be exposed to light waves, for e.g. Barrett's Esophagus [44] or skin cancer [45] . These agents stay attached to cancer cells longer than normal cells [46] [47] [48] [49] [50] [51] . Each family of light-based photosensitizers (porphyrins, chlorophylls, and dyes) requires a specific wavelength to be activated [52] . First, the patient is injected with a photosensitizing agent. Then, the required wavelength light is then exposed to these cells, for e.g. through an endoscope or through laser therapy on the skin. However, exposure to the light is location dependent and is not always possible for all types of malignancies. There have been some advances in semiconductor particles that can convert X-ray energy into ultraviolet or visible light energy, which would be sufficient to activate the photosensitizers [43] . In time, these advances may provide another way to attack difficult to treat malignancies such as cholangiocarcinoma or advanced pancreatic cancer, but that still remains to be seen.
Metal-organic frameworks
Metal-organic frameworks (MOFs) are formed from metal ions and organic linkers. Such particles might have potential beneficial uses in gas storage, separations, catalysis and chemical sensing [53] . MOFs might also have a potential to improve radiation therapy effect by enabling radiodynamic therapy [54] , as they forego the need of visible light reaching a tumor [55] . Alternatively, photodynamic therapy can be used in conjunction with radiodynamic therapy, reducing the exposure to radiation and its dose related side effects, as shown by several groups [56, 57] . Similar models have been tested in animals and showed promising results. A 2019 study by Ma et al. used a Quercetin and Zirconium based MOF with the hope of enhancing radiation effects in mice models. The Quercetin was used as a radiosensitizer, and the Zirconium was used as a carbonic anhydrase inhibitor to reduce hypoxic induced resistance. The following combination showed an enhanced effect of radiation in animal models, while maintaining minimal toxicities [58] . Furthermore, combining low dose radiation therapy with MOFs might also help potentiate the effects of immunotherapy. Specifically, a Hafnium (Hf) based MOF was developed as a radiosensitizer in mice [54] . The combination of Hf-MOF with programmed cell death inhibitors -a class of immunotherapy drugs with extensive promising clinical results -has shown extension of the local effects of radiation therapy to distant tumors, without increasing any radiation toxicity.
Liposomes
Another therapy with much anticipated optimism is liposomal delivery. Liposomes are a phospholipid bilayer around an aqueous fluid (Fig. 1 ) that can be designed to transport a variety of drugs, molecules, and/or peptides. Their versatile use in nearly every type of drug delivery has been well investigated [59] . This will be discussed further in the section "Combined therapies." Liposomes have been extensively utilized for radiosensitizer deliveries (Fig. 4) . Targeted delivery of radioisotopes can potentially increase radiation efficacy at the tumor site and reduce toxicity to normal tissue. Delivery of radiosensitizers can help overcome radiation resistance, which is a common cause of radiation therapy failure [60] . The main challenges to overcome with liposomal delivery are related to achieving maximum drug release at the site of the tumor and minimizing systemic injury. One way to counter this is using the EPR effect, as mentioned previously. The EPR effect is characterized by larger intercellular openings between endothelial cells in tumor vessel wall. This could be hundreds of nanometers in diameter in tumor endothelial cells, compared to normal endothelial gap junctions which are usually less than 10 nm [61] . Thus, theoretically, nanoparticles or liposomal could be designed to be larger than the intercellular cleft, which would let them migrate specifically into tumor vasculature with ease while being denied entry through normal endothelial tight junctions.
Adding to this intrigue, Besse et al. investigated another interesting utility of liposomes with thermosensitivity, which are triggered by a set temperature to have a fast release and lead to a stronger radiosensitizer effect [62] . Their results showed that tumor response was greater when treated with radiation and heat after injection of thermosensitive liposomes. Thermodox® is a liposomal formulation that is currently in Phase 3 trials with FDA approval under the OPTIMA trial. Previously, Thermodox® had been investigated in the HEAT trial (NCT00617981) with mixed results. The drug failed to reach its primary outcome of progression free survival of 33% in inoperable hepatocellular carcinoma (HCC), but a subgroup of patients who underwent at least 45 min of radiofrequency ablation had a marked improvement in progression free survival [63] . The OPTIMA trial is now looking to investigate this subgroup of patients in a randomized fashion to delineate the role of thermosensitive radiotherapy.
Tumor imaging
Within the area of tumor imaging, radionucleotide scans are a mainstay in detection and surveillance of malignancies. Positron emission tomography (PET) uses radionuclide 18 Fluorine in fluorodeoxyglucose (FDG), which is a glucose analogue. Its uptake has been benchmarked in normal healthy tissue, and thus an abnormal uptake is related to pathophysiological states. 68 Gallium dotatate has also been similarly used for detection of neuroendocrine tumors. Other forms of tumor imaging and advances in imaging technology have greatly improved the clinical use of radiotherapy. This is demonstrated by technologies such as stereotactic radiosurgery that deliver localized radiation with extremely high precision, especially to tumors that are difficult to surgically resect [64] . To further improve accuracy of tumor imaging, researchers have investigated biomaterials such as liposomes, metal/polymeric nanoparticles, and hydrogel fiducial markers [65] . A fiducial is a marker placed at the area of measurement or treatment to provide a point of reference. Liposomes ( Fig. 1) and nanoparticles have been implicated in imaging advances for this reason. Liposomes, as discussed above, have been used extensively in delivering active molecules to their site of action [66] . Additionally, metal nanoparticles are solid colloidal particles with varying sizes, which can be utilized to improve drug delivery efficiency and specificity, and thereby to reduce drug resistance [67] . Hydrogel fiducial markers are a novel FDA approved radio-opaque absorbable particles, with a high water and iodine content. They are used to better visualize tumors or normal tissues on radiological imaging (whether on Computed Tomography, Magnetic Resonance Imaging or Ultrasound) [68] . While traditional fiducial markers were made of inert metals, more novel fiducials offer advantages like decreased image artifacts, decreased migration and the ability to create 3D structures with varying sizes [69] . Advances in tumor imaging are perhaps the best example of the evolving role of biomaterials, and we expect this will only continue to improve with time.
Liposomes
Many new applications in clinical testing utilize liposomes for topical and intravenous delivery of pharmaceutics in various conditions, such as cancer therapy, viral vaccines, photodynamic therapy, analgesics and anti-fungals [65, 70] . Thus, intravenous injections of liposomalbased therapies have been used in the management of ovarian cancer, multiple myeloma and Kaposi sarcoma [71] [72] [73] . Versatility in chemical functionalization of liposomes offers the advantage of engineering liposomes to specifically target cancer cells and increase visibility of the malignant lesion in radionuclide imaging. Liposome-mediated tumor imaging was first tested in patients thirty years ago, but high uptake of liposomes in the liver and spleen created concerns for toxicity and halted further clinical testing. Yet, liposomal technologies have been used for tumor imaging in patients suspected to have carcinoma, melanoma, sarcoma or lymphoma. Currently, a new generation of liposomes as targeted delivery systems for imaging agents is still under preclinical research [74] .
Composite nanoparticles
Composite nanoparticles are nanoparticles made with multiple materials rather than a single one [75] . As examples, a combination of silica/inorganic, silica/polymer or polymer/inorganic can be used [76] . There are several advantages to this technique such as but not limited to improved solubility, decreased toxicity with lower loading dose requirements, enhanced optical clarity, and overall increased functionalization [75] [76] [77] [78] . Copper sulfide (CuS) nanoparticles have also contributed greatly to photoacoustic imaging, MRI and other combinatorial therapy due to its low toxicity and cost [79] . They can participate in a wide variety of procedures, including chemophototherapy, immunotherapy, and photo-radiotherapy. To take this further, incorporating nanoparticles in imaging has been shown to improve radiation localization and tumor-free survival rates in preclinical animal models [80, 81] . Jolck et al. experimented with gold-nanoparticles in a carbohydrate-based gelation matrix as an intravenous liquid fiducial to radiologically locate a mast cell tumor in a canine model [80] . Hainfeld et al. injected similar gold-nanoparticles for localization of malignant gliomas in mice, which showed good uptake in the tumor, but did not cross the physiologic blood-brain barrier [81] . This is likely due to the altered permeability near the tumor, which allows its unimpeded growth. The downside to the use of nanoparticles is not well delineated, but one potential concern is the over-accumulation of toxic foreign metal nanoparticles that can potentially cause damage to human organs. Historically, similar studies in rats have shown pulmonary emphysema, interstitial hyperemia and lung inflammation with abnormally high levels of localized neutrophils, lymphocytes and eosinophils [82] . However, no studies have been performed comparing the in vivo macrophage processing and clearance between liposomal formulations and metallic nanoparticles or other nanoparticle formulations. This is an area that will require further investigation as biomaterials in radiation continue to develop.
Metallic nanoparticles containing high-Z elements (e.g. gadolinium, bismuth, and gold) also have been proven to augment the efficacy of radiotherapy due to their interactions with low-energy photons, and are used as positive contrast agents in MRI and radiosensitizers as mentioned earlier [83] . Duk et al. have shown that 2 Gy radiation treatment with Gadolinium-based nanoparticles, AGuIX® (Activation and Guidance of Irradiation by X-ray), increased the period of uptake and therefore treatment timeframe, allowing higher treatment efficacy [84] . In addition, gadolinium nanoparticles produced superior results compared to their conventionally used molecular chelate form due to their higher longitudinal relaxivity and longer lifespan in blood circulation [84, 85] . Au nanoparticles have also supported multiple imaging modalities including MRI, Raman spectroscopy, photoacoustic imaging, and CT scans. They have been extensively used in photothermal therapy, in which they are structured into nanocages that transport therapeutic agents in response to exogenously applied laser light [86] .
Finally, nanoparticles are also used as radiotracers. The following allows nanoparticles to have the potential to be used in conjunction with liposomal radiation therapy to enhance imaging accuracy. In particular, 64 Cu nanoparticles can conjugate to liposomes as narrow as 100-nm and accumulate in malignant tumor cells that have enhanced retention and vascular permeability [87] . Compared to the current gold standard 18F-FDG, which can only be used to detect tumors of 1 cm, these nanoparticles can amass in much smaller volumes. While further research and examination is warranted, the reduced lower-limit of tumor sizes that the nanoparticles can detect makes them an attractive alternate to standard radiotracers for PET scans [87] . Nanoparticles as radiotracers also have the potential to be used in liposomal radiation therapy. Cu nanoparticles can conjugate to liposomes as narrow as 100-nm and accumulate in malignant tumor cells that have enhanced retention and vascular permeability [87] . Previously described liposomal 124-Iodine conjugated complex is also another example of theranostics [38] . Pending further research and examination, it could be a potential replacement for PET scans as the current gold standard, which ( 18 F-FDG) can only be used to detect tumors of 1 cm 3 or more [87] .
Combination therapies
Synchronous chemoradiotherapy started gaining traction more than 20 years ago, especially in squamous cell cancers [88] . Similar tumors were of particular interest as they were surgically unresectable, which made chemotherapy and radiation therapy the only options. Since then, there have been multiple studies indicating the benefit in providing combination treatments [89] . This synergistic effect is hypothesized to be due to the chemotherapeutic radiosensitization of the tumor [90] . However, multiple studies also showed increased toxicity from the combination of both treatment modalities [91] . For these reasons, novel techniques are necessary to maximize the available benefits of synchronous chemoradiotherapy, while minimizing the complications. This is where biomaterials may present yet another utility.
Liposomes
As it is apparent, liposomes have broad utility as delivery vehicles. Besides tumor imaging, liposomal materials have been used to deliver chemotherapy in combined treatments to various oncological targets.
Their use in multiple fields of pharmacotherapeutics is due to their potential in lowering toxicity [63] . The earliest liposomal chemotherapy, liposomal doxorubicin, has been approved to treat cancer of the ovary or breast, myeloma and Human Immunodeficiency Virus/ Acquired Immune deficiency Syndrome-related Kaposi's sarcoma (Fig. 2) [92] . Currently a number of liposomal chemotherapies have FDA approval and under study including Doxil® (liposomal doxorubicin), DaunoXome® (daunorubicin), DepoCyt® (cytarabine), Myocet® (doxorubicin citrate), Lipo-dox® (generic doxorubicin hydrochloride), Marqibo® (vincristine) etc, [63] . Chemoradiotherapy combinations with liposomal doxorubicin and RT were tested, in the hope of improving response of high-risk tumors after traditional chemoradiotherapy [93] . However, past attempts in preclinical and clinical studies have been complicated by a combined toxicity of co-delivery of liposomal chemotherapeutics and radiation. Currently, liposomal biomaterials are being studied in combination therapies specifically targeting radiation-resistant tumors, such as hypoxic prostate tumors studied in xenograft animal models [94] . Liposomal biomaterials are increasingly used in the clinical setting, with an expected growing market, as more generic versions may be approved soon.
Polymeric nanoparticles
Other biomaterials, such as polymer-based nanoparticles, allow more complicated architecture of biomaterial design and represent a new class of biomaterials entering clinical trials [95] . Furthermore, polymeric nanoparticles are similar to liposomes, but differ in key aspects. They are also lipid-based, but they vary according to the function they are designed for. Structurally, they are prepared as a solid lipid nanomaterial or with a liquid core. The necessary drug can be attached on the outside or can be housed inside the nanoparticle. In contrast, in liposomes (as seen in Fig. 2) , the aqueous core houses the drug surrounded by a phospholipid bilayer. Additionally, polymeric nanoparticles have theoretical advantages in clinical medicine when compared to liposomes, but have yet to be proven. Their greatest advantage lies in our ability to alter their design, allowing researchers to customize specific materials for the required task. This ability helps tailor the drug's pharmacodynamic and pharmacokinetic profile by changing the polymeric nanoparticle profile, resulting in more effective targeting of organ or tumor [96] . They also have a reliable profile in terms of degradation or metabolization, many of which can bypass hepatic metabolization and even the reticuloendothelial systems. However, liposomes have been in use much longer and are approved by the FDA for multiple drug formulations, currently conferring them an advantage for clinical use. Poly(l-glutamic acid)-paclitaxel, which can be functionalized to prolong circulation time, showed promising results in phase I/II trials but was halted at phase III due to lack of efficacy [97] .
Other systems of nanoparticle delivery of other chemotherapeutics with adjuvant radiotherapy are currently being tested under clinical trials. Sanoff et al. provided their phase 1b and 2 results identifying a nanoparticle cyclodextrin-based polymer conjugated to campothecin that demonstrated initial success in safe dosing, limiting side effect profile [98] . Results from such clinical trials may provide us with answers regarding optimizing dosing, minimizing side effects, and lastly prove their efficacy against the current standard of treatment. While the toxicities associated with the use of combined biomaterials-mediated chemoradiation can significantly limit the use of biomaterials in drug delivery, recent studies have suggested a synergistic effect between biomaterial-delivered chemotherapeutics and radiation, which can be leveraged to reduce toxicity. Drugs such as cisplatin, doxorubicin, and paclitaxel have been shown to have radio-sensitizing effects [37] . Therefore, delivery of chemotherapeutics can be combined with delivery of radiosensitizers and/or radioisotopes through co-conjugation with the same nanoparticles, increasing the efficacy of the radioisotopes, reducing dosage, and thus decreasing the potential toxicities of chemotherapy and radiation agents. Glutathione facilitates delivery of the liposome complex through various cell junctions, including blood-brain barrier. Pegylated liposomes stably encapsulate doxorubicin, enabling extended release, passive accumulation in tumors, and decreased delivery to cardiac tissue due to size. Fig. 3 . Biomaterials such as a hydrogel spacer is shown placed between the prostate and rectum to reduce brachytherapy or external beam radiation therapy related radiation proctitis. Spacer is injected in situ with formation of hydrogel upon delivery, forming a temporary protection to rectum during radiation therapy. In addition to systemic delivery, polymers can be used as a local codelivery platform for sustained release of a multitude of therapeutic agents. For example, polymers have been used to release gold nanoparticles in preclinical studies for CT-guided RT, photothermal therapy, and theranostics. Mukherjee et al. describe yet another polymer based material that combines the best of liposomes and nanoparticles [63] . Lipid-polymer hybrid nanoparticles (LPHNP) consist of a polymer core around the active agent, contained in a liquid core, with an outer lipid layer. This allows for multiple potential uses such as combination chemoradiotherapy, siRNA vector, Au-conjugated MRI imaging, folate, etc. The advantage lies in their ability to deliver multiple agents at once, and can even be used for targeted therapy if conjugated with folate or monoclonal antibodies. Simple organic carbon-based compounds may also be used in conjunction with near infrared radiation to cause photothermal damage as the molecules absorb the light [99] . The ability to cause photothermal damage in a short duration with high localization capability of the carbon based drug carriers makes this combination therapy of radiation and biomaterials potentially superior to standard practices [100] .
Polymers such as polysaccharide hydrogels can be used to deliver immunostimulatory radioisotopes, combining immunotherapy and radiation therapy [101] . Polymers can be functionalized with cytotoxic and radiosensitizer moieties [102] . Biomaterials have been used to deliver therapeutics that may have limited bioavailability and distribution in the body alone. One application of this technology is the use of biomaterials to deliver siRNA to a defined tissue area to overcome radiation resistance [103] . Other methods are emerging, such as ultrasound [104] , thermal ablation trigger [105] , X-ray trigger, and near infrared laser control drug delivery, but yet to transition into their incipient clinical phases. Mechanistically, through thermal and mechanical effects after ultrasound administration, it would allow targeted drug release from thermosensitive liposomes [106] . Additionally, radiation from light, neutrons, ultrasound and X-rays can be used to control drug delivery through biomaterials including liposomes and other nanoparticles [107] . Radiation-guided drug delivery could play an active role in nanoparticle drug delivery [108] , inducing receptor expression via radiation in tumor blood vessels that are then recognized by peptides conjugated on nanoparticles [109] .
Tissue healing and tissue protection
RT can produce serious side effects on normal tissue due to the high cytotoxicity of radiation. Skin reaction is a common side-effect caused by RT to various cancers [110, 111] . Biomaterials in general have been studied for tissue healing after RT [112] . Specifically, polymers can be used to protect normal tissue [113] and promote skin healing [114] . For example, RT-induced oral mucositis is a side effect especially common in patients treated for head-and-neck cancer and can be treated with polymer oral rinse, which accelerates healing by forming a protective layer over the wounds [115] . Such applications in tissue healing and protection can improve quality of life among cancer patients and expand use of radiation in frail patients susceptible to side effects. RT can produce serious side effects on normal tissue due to its high cytotoxicity. In addition to tissue healing, polymers have also been used for tissue protection during RT (Fig. 3) . For example, SpaceOAR®, a hydrogel prostate-rectum spacer, has been tested clinically and approved by FDA for rectal radioprotection during radiotherapy targeting prostate [116] . Polymer hydrogels are injectable through minimally invasive procedures and can be integrated into clinical care during radiation treatment, a promising area for further development.
Challenges in translation of biomaterials into RT
There are still many hurdles to cross for biomaterials to be integrated into effective therapies. As with most therapies, it takes years, if not decades, for proper evaluation and application. As we stand, there are many theoretical benefits supported by clinical data presented above. The toxicity of the biomaterials alone is minimal, but may be altered when combined with a drug. Addition of yet another drug or radioisotope can further change the pharmacokinetic profile. This adds a layer of complexity that has perhaps not yet been encountered in modern medicine. With this level of complexity, in vivo interactions may not be easily comprehended. It is obviously extremely important to maintain a level of caution, but also to remain optimistic as we uncover the potential of novel biomaterials.
